A push-pull -σ -C 60 molecular dyad was synthesized via Huisgen-type click-chemistry and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 2 photon-to-charge conversion and a small component of diffusion-limited exciton dissociation, revealing the presence of pure fullerene domains. Furthermore, a strong field dependence of charge generation is observed, governing the device fill factor, which is further reduced by a competition between extraction and fast recombination of separated charges.
3

Introduction
Bulk heterojunction organic solar cells (BHJ OSCs) [1] [2] represent an attractive alternative to silicon technology due to their potential low-cost, flexibility, transparency and light weight.
Solution-processed single-junction BHJ OSCs prepared by blending π-conjugated polymers [3] [4] [5] [6] [7] [8] [9] or molecules [10] [11] [12] [13] as electron-donors (D), with electron-acceptors (A) such as fullerene derivatives have shown power conversion efficiencies (PCEs) beyond 10% [14] [15] [16] [17] 18 , whereas the recent development of non-fullerene electron-acceptors [19] [20] [21] [22] [23] [24] [25] has led to record values of 13.1%. 26 These bulk heterojunctions are created by the formation of interpenetrated networks of D and A materials, that match the typical 5-10 nm exciton diffusion length of organic semiconductors 4, 27 and exhibit: i) an increased interfacial contact area between domains of D and A, providing more exciton dissociation sites, and ii) a continuous pathway enabling the transport of both holes and electrons to the electrodes. Thus, after light absorption, the excitons generated in D and/or A domains can diffuse to the D/A interface where an energy offset between the donor and acceptor molecular orbitals facilitates their dissociation into spatially-separated holes and electrons that can drift-diffuse to the electrodes hence generating a photocurrent. [27] [28] [29] However, the fabrication of efficient BHJ OSCs requires careful optimization of the morphology of the photoactive layer by empiric optimization of the D/A concentrations and ratio, the nature of the solvent and co-solvent (use of additives) as well as the film-processing conditions (thermal and/or solvent vapor annealing). [30] [31] Importantly, the 'optimum' morphology of the photoactive layer may not be thermodynamically stable and typically evolves by spontaneous component demixing, especially when fullerene derivatives are used, leading to detrimental effects on the PV performance. 2 To tackle some of the difficulties associated with BHJ OSCs, so-called "Molecular
Heterojunction" 32 and "Double-cable polymer" 33 approaches were proposed a few years ago.
These strategies rely on the use of a single photo-active material where the donor and the acceptor components are covalently linked through a non-conjugated σ-connector. [34] [35] [36] [37] [38] Besides, their interesting photophysical [39] [40] [41] [42] and self-assembly 43 properties, these types of materials were explored for the fabrication of single-component organic solar cells (SC-OSCs). It was expected that the morphology of such photoactive layer would be less subjected to morphology evolution and that the relative close proximity of the D and A blocks would favor exciton dissociation on 4 the same molecule, thereby avoiding the limiting step of exciton diffusion associated with organic semiconductors.
Despite the fundamental interest in this concept, most materials evaluated in SC-OSCs led
to PCE values often much below 0.5%. 34, 36-37, 42, 44-48 These poor PV performances could be assigned to high fractions of geminate charge recombination within the bi-functional material and to the difficulty to form an efficient charge carrier percolation network for the extraction of charges at the electrodes. 40, 42, 46, 48 However, renewed interest in this concept has been triggered by recent publications demonstrating control of self-assembly and microphase separation in block copolymers. [49] [50] For instance, fullerene-grafted polythiophene-based co-polymers 51, 52 or diketopyrrolopyrrole-based conjugated polymers with perylene bisimide side chains 53 have recently led to efficient polymer based SC-OSCs with PCEs up to 5%. Self-assembly of liquid-crystalline extended monodisperse donor-acceptor block co-oligomers based on fluorene-bithiophene and perylene bisimide were also investigated and showed long-range ordered domains [54] [55] [56] [57] leading to SC-OSCs with PCEs ranging between 1.50-2.30%.
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On the other hand, following the seminal work of Nierengarten et al., 32, 47 few discrete molecular assemblies, essentially fullerene-based π-conjugated systems, [34] [35] [36] [37] [38] [44] [45] [46] [47] have been investigated for SC-OSCs. Compared to polymers, these small molecules exhibit several advantages such as a well-defined structure, allowing more precise understanding of structureproperty relationships, an easier purification, and a better reproducibility in terms of synthesis. 58 To the best of our knowledge, the best PV performance of related SC-OSCs has been recently obtained with very few dyads or triads incorporating fullerene derivatives as acceptor units linked to electron-rich π-conjugated systems based on oligo(p-phenylenevinylene) (PCE = 1.28% with C 60 and 1.92% with C 70 ), [59] [60] thiophene-diketopyrrolopyrrole (PCE = 0.53-1.11%) [61] [62] and dithienosilole-dibenzothiadiazole (PCE = 0.4%). 63 Since 2016, a dithiafulvalene-functionalized diketopyrrolopyrrole-C 60 dyad and a triad based on an oligothiophene-fullerene conjugate were reported with promising and encouraging PCEs of 2.2% and 2.4%. [64] [65] Although the development of SC-OSCs remains very challenging, these last results on small molecules suggest that enhanced PV performance can be obtained by proper design of new D and A components, by playing with the nature of the spacer between D and A, and/or by controlling the self-assembly of resulting discrete molecular assemblies.
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Recently, we reported the use of a small and easily accessible push-pull molecule TPA-T-DCV (Scheme 1) as active electron-donor for OPV. For instance, bilayer planar heterojunction or hybrid co-evaporated BHJ OSCs combining TPA-T-DCV with C 60 as electron acceptor material led to PCEs of 2.5% 66 and 4.0% 67 , respectively, while solution-processed BHJ OSCs blended with PC 61 BM gave PCEs of 3.0%. 68 The PV performance of this key molecule was further optimized through subtle structural modifications. 66, 68-69, 70, 71-72 Herein, the structure of the push-pull TPA-T-DCV molecule has been altered for subsequent functionalization by one C 60 unit affording the targeted compound TPA-T-C 60 (Scheme 1). The synthesis of this push-pull -σ -C 60 dyad is described together with its electrochemical and optical properties. The PV performance of TPA-T-C 60 has been evaluated in simple SC-OSCs. Exciton dissociation and charge generation were studied on thin-films of TPA-T-C 60 and on the methyl-cyanoacrylate reference push-pull compound TPA-T-MCA without fullerene unit. Finally, the photo-induced processes occurring in SC-OSCs have been analyzed by transient absorption spectroscopy combined with time delayed collection field experiments to evaluate the mechanisms of charge generation and recombination. The synthesis of the new σ-spacer block 1 and that of propargyl ester 2 using a slightly modified procedure are described in Supporting Information. 75, 76, 77 After a straightforward purification by column chromatography, the thermal stability of the dyad has been assessed by thermogravimetric analysis ( Figure S10) , showing a decomposition temperature (T d ) value of 284 °C defined at 5% weight loss. The optical properties of the dyad TPA-T-C 60 , the push-pull azido precursor TPA-T-N 3 and PC 61 BM have been then analyzed in diluted CH 2 Cl 2 solutions by UV-vis absorption (ca. 10 -5 M) and photoluminescence emission (ca. 10 -6 M) spectroscopy (Table 2) . The UV-vis spectrum of TPA-T-N 3 shows two main absorption bands, the first one at high energy with a maximum (λ max ) at 303 nm and a second broad and intense one centered at 476 nm assigned to an internal charge transfer (ICT) from the TPA moiety to the electronwithdrawing cyanoacrylate group (Figure 2 ). The target dyad TPA-T-C 60 exhibits a broad absorption band at 478 nm characteristic of the push-pull moiety. The grafting of the fullerene unit by click-chemistry is confirmed by the presence of specific absorption bands at λ max = 259 nm and 327 nm, and a discernable band at 431 nm in accordance with the UV-vis spectrum of PC 61 BM (Figure 2 ). To summarize, the UVvis spectrum of the target dyad TPA-T-C 60 corresponds to the superimposition of the optical signature of TPA-T-N 3 with that of PC 61 BM suggesting the absence of electronic coupling in the ground state between the push-pull chromophore and the fullerene moiety. Table 2 . UV-vis absorption and emission data in CH 2 Cl 2 .
TPA-T-DCV
Electrochemical and
a a Rhodamine B (Φ f = 0.50% in EtOH) was used as standard for fluorescence quantum yield measurements. 78 The excitation wavelength was set at 500 nm. b Not determined.
The photoexcitation of TPA-T-N 3 at λ exc = 500 nm leads to photoluminescence with an emission maximum at 630 nm associated to a fluorescence quantum yield of 18% (Table 2) .
Interestingly, the dyad TPA-T-C 60 shows also photoluminescence properties with the same emission maximum as the azido precursor however, the fluorescence quantum yield decreases significantly to 1% suggesting the occurrence of either a photo-induced electron transfer or an energy transfer in solution from the photo-excited electron-donor push-pull chromophore to the electron-accepting fullerene unit ( Figure 2 ). The origin of this quenching of fluorescence in solution will be discussed further below; here this preliminary result underlines the potential of the target dyad as active material for single-component OSCs.
It is worth mentioning also that both TPA-T-N 3 and TPA-T-C 60 fact, this noticeable Stokes shift has already been observed in other push-pull molecules [79] [80] and is associated to an efficient intramolecular charge transfer 69 probably leading to geometrical changes between the ground and excited states, further theoretical work would be necessary to confirm this last hypothesis.
Spectroelectrochemistry.
In parallel, the dyad TPA-T-C 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Upon oxidation of TPA-T-C 60 , (40 s < time < 80 s), the absorption band characteristic of the neutral push-pull moiety at 478 nm decreased. In parallel, a relatively weak absorption band between 345 and 400 nm appeared together with two strong broad absorption bands peaking at 610 and 1033 nm exhibiting shoulders at 559 and 913 nm, respectively. These optical signatures are attributed to the cation radical push-pull +• -σ -C 60 . Electrochemical reduction of TPA-T-C 60 to the radical anion push-pull -σ -C 60 -• (150 s < time < 180 s) is essentially accompanied by the appearance of a weakly discernable band centered at 1030 nm. This latter result is entirely consistent with the reported absorption maximum at 1040 nm for the radical-anion of methanofullerene derivatives generated upon radiation-induced reduction in organic solvents 81 
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The photovoltaic properties of TPA-T-C 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Exciton dissociation and charge generation. Transient absorption spectroscopy
across the time range from sub-picoseconds to several nanoseconds reveals the mechanisms of charge generation in TPA-T-C 60 . As we will demonstrate below, four main observations are made from this experiment: 1) a weak or negligible electronic coupling between the push-pull 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 17
The TA spectra of solutions (Figure 7a and 7b) indicate weak electronic coupling of the push-pull and PC 61 BM-derived units within the dyad as TPA-T-C 60 exhibits almost the same TA spectra and dynamics in the first few hundred picoseconds as the TPA-T-MCA reference pushpull compound alone. Thus, we attribute the spectral features of TPA-T-C 60 to singlet excitons of the push-pull block. Excitons are spectrally characterized by a positive change in transmission assigned to ground state photo-bleaching (PB), initially seen between 2.3 and 3 eV (413 -540 nm), corresponding well to the UV-vis ground state absorption spectrum of TPA-T-MCA. Two more positive peaks between 1.57 and 2.07 eV are assigned to stimulated emission (SE), as they overlap with the lower energy tail of the PL spectra of solutions and exhibit the same kinetics as the PL (see Figure S16 ). Finally, two photoinduced absorption (PA) peaks (negative features)
initially centered around 1.78 eV and 2.18 eV, blue-shift during the first 50 ps, likely due to solvent relaxation, to 2.25 eV for the highest energy peak, while the lower energy peak disappears, as it shifts to 1.9 eV, where it is superimposed by the (positive) stimulated emission.
After solvent relaxation, the signal in TPA-T-MCA decays without any further spectral evolution on the ns timescale as excitons recombine. This decay is faster in TPA-T-C 60 , in good agreement with the t-PL (see Figure S16 ) and PL-quenching experiments.
In TPA-T-C 60 only, an additional feature appears in the nanosecond timescale: a very broad photoinduced absorption, peaking around 1.7 eV and strongly resembling the signature of triplet states in PC 61 BM solutions (see Figure S17 and Ref 85 ). This spectral signature is thus attributed to triplet excitons localized on the PC 61 BM-derived building block of the dyad. Thus, this result shows that the emission quenching of the push-pull moiety of TPA-T-C 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 18 absorption is dominated by two photo-induced absorption bands (from 1 to 1.45 eV and 1.8 to 2.4 eV), separated by a plateau. The whole photoinduced absorption is initially present and exhibits almost no spectral evolution up to the microsecond time scale (vide infra). It is very similar to the feature dominating the spectra of blends of TPA-T-MCA and PC 61 BM ( Figure S18 ). The positions of the peaks are the same as those observed upon oxidation of the dyad in solution by spectroelectrochemistry (see Figure 3 and Figure S18 ). However, the peaks are broader, likely due to solution narrowing observed in the spectroelectrochemistry experiments. We thus attribute the peaks to charge carriers generated ultrafast.
Interestingly, while almost no spectral evolution is seen, the magnitude of the charge carrier signal increases up to one nanosecond (see also in Figure S18 ), which indicates diffusionlimited exciton dissociation. Spectrally, this is only associated to a slight decrease of the relative weight of the low-energy PA peak, which indicates that the generated charges originate from an excited state with small absorption cross section, as usually is the case for PC 61 In order to evaluate further the efficiency of this charge generation channel, the proportionality factor, namely the absorption cross section of charges, needs to be known to extract the density of charge carriers from their optical response. This was achieved by comparing the optical signal (from TA) at 10 ns to the quantity of charges extracted from a device in a Time-Delayed Collection Field (TDCF) experiment after the same delay of 10 ns, as recently presented by us for other BHJ systems. 83 Both experiments (TA and TDCF) used the same laser source, and the density of absorbed photons in the device stack was determined by the transfer matrix formalism (see Figure S15 ). More details can be found in the SI. With the charge carrier absorption cross section in hand (Figure 9b ), the density of charges was calculated at each time delay. Here we see that for the lowest fluence measured (which corresponds to an 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 20 illumination intensity still far above 1 sun), the density of charges initially generated equals the density of absorbed photons (within the error bars). 
Charge carrier recombination.
As we can see from Figure 9 , while the charge generation efficiency approaches unity, only a small fraction can eventually be extracted from the device, even if extraction is facilitated by a collection field as in the TDCF experiment. To understand the origin of the losses, we turned to transient absorption measurements in the time range relevant for charge extraction (ns to hundreds of µs). Similar to the sub-ps to ns experiments, multivariate curve resolution was used and enabled us to extract the contribution of charges to the total photoinduced absorption (alongside the contribution of triplets, see details in S.I.). The normalized dynamics are presented in Figure 10 . The fluence dependent dynamics were fitted by a two-pool recombination model, as previously applied to TA data of other BHJ systems. 83, 88 Briefly, this model assumes that charges are distributed between two pools after charge transfer: a fraction f of the charges separates entirely and overcomes the coulombic attraction and successively recombines non-geminately with an apparent recombination order λ+1, empirically found to be higher than 2, and a prefactor k λ . On the other hand, the fraction 1-f 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21 accounts for charge pairs that have not escaped their counter-charge and remain trapped at the interface where they recombine geminately. This pool exhibits an exponential decay associated to a lifetime τ independent of the excitation fluence. Table 3 . Recombination parameters extracted from a global fit of the fluence-dependent charge-induced absorption decay to a two-pool model, equivalent bimolecular recombination coefficient k 2 extrapolated from λ and k λ for a charge density of 5×10 15 cm -3 and comparison with the theoretical Langevin recombination coefficient k langevin = q(µ e + µ h )/ ε, where µ e and µ h were obtained by SCLC (vide supra), ε = ε 0 ε r , the dielectric constant, where ε r is estimated by ellipsometry measurements (see S.I.). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   22 electric field is applied. This is clearly seen from the increase of the number of extracted charges when applying a zero or negative bias during the photoexcitation pulse (V pre ≤ 0V).
Turning to non-geminate recombination, the rate extracted from the two-pool model was recalculated for a typical charge density in a working device to compare it with previously reported systems. An equivalent bimolecular recombination prefactor k 2 (calculation in the S.I.)
of k 2 = 1×10 -11 cm 3 /s for a charge density of 5×10 15 cm -3 was determined. Thus, TPA-T-C 60 exhibits a recombination rate at the higher end of the range typically found for organic semiconductors. 89 This rather high recombination rate combined with a relatively low hole mobility and large difference between hole and electron mobilities 90 results in an unfavorable competition between charge extraction and recombination as can be seen in Figure 10b . Here, the bias dependence of the photocurrent is much stronger than can be explained by field-dependent charge generation alone: in fact, for low internal fields (voltage close to V OC ) the longer extraction time results in increased recombination losses.
Conclusions
A donor-σ-acceptor molecular dyad, consisting of a triphenylamine-thiophene-based push-pull π-conjugated system linked to a C 60 unit through a non-conjugated σ linker, was synthesized in good yields and used as photoactive material in single-component organic solar cells. A power conversion efficiency of only 0.4% was obtained, mostly due to the modest fillfactor FF of 29%, originating in part from unbalanced hole-and electron-mobilities.
Spectroscopic analysis using transient absorption and time-delayed collection field experiments
showed quantitative photon-to-charge conversion, by ultrafast and diffusion-limited dissociation of excitons. However, charge separation was found to be strongly field dependent, significantly limiting the fill factor, which is even further reduced by a strong competition of recombination of separated charges with charge extraction. TA also showed relatively long-lived fullerene excitons, suggesting the existence of rather pure domains of the PC 61 BM derived block however, too small to be detected by morphological studies. The high electron mobility further indicates that those domains are probably percolated.
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These results are very encouraging, as they reveal that charge percolation is possible in these devices. While the devices could already be applied as photosensors, since efficient photocurrent generation is achieved at negative bias, we expect that achieving also donor domains percolation would further balance the mobilities and thereby reduce the field dependence of current extraction and probably also charge separation. Overall, our results demonstrate that single-component organic solar cells can be prepared with an easily accessible push-pull-σ-C 60 dyad. The concept can be easily extended to other building blocks with novel electrochemical and optical properties thanks to the adaptable synthetic methodology. Finally, the photophysics of the single-component organic solar cells strongly suggest that it is crucial to design new molecular dyads which exhibit enhanced self-assembly properties for optimized nanophase separation.
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